Introduction
The study of recent natural selection in humans has important applications to human history and medicine. Previous studies have reported selection at loci associated with susceptibility to falciparum malaria, [1] [2] [3] vivax malaria, 4 Lassa virus, 5 end-stage kidney disease, 6 tuberculosis, and HIV/AIDS. [7] [8] [9] Indeed, it has been suggested that signals of selection at malaria loci are ''only the tip of the iceberg'' 10 . Signals of selection fit into three main categories: unusually long, recent haplotypes; deviations from the expected allele frequency spectrum; and unusual population differentiation. 11 Signals of the first two types are only expected under the selective sweep model. 1, 12 This model assumes that a novel or very rare variant is subject to selection and then sweeps to high frequency and carryies hitchhiking variants and long haplotypes with it. If, however, selection acts on a common or standing variant, as has been suggested in recent studies, [13] [14] [15] these tests would be unlikely to uncover a signal. Therefore, a key advantage of our approach, based on unusual population differentiation, is the ability to detect selection on standing variation. 16 Additionally, although other approaches based on population differentiation simply report top-ranked loci, our study of selection allows for the assessment of genome-wide significance. Many prior studies of unusual population differentiation have focused on comparing continental populations. 2, [17] [18] [19] Because of large genetic distances (F ST ), 20 these studies might be better suited to understanding population history rather than to detecting selection. 21 Studies of population differentiation designed to detect selection are maximally powered when they compare closely related populations that have large effective population size with data from a large number of individuals (>1/F ST ). This approach has been applied genome wide to comparisons of closely related populations within Europe and within East Asia 22, 23 and to candidate loci of closely related populations within Africa. 24 Now, the availability of genome-wide data from more than 12,000 individuals of African-American, Nigerian, and Gambian ancestry makes it possible to proceed with genome-wide application of this approach in Africa.
To accomplish this analysis, we have developed a treebased method that incorporates information from all three populations in order to increase power to detect selection and enable resolution of the population subject to selection. However, both African-American 25 and Gambian 26, 27 populations have significant Europeanrelated admixtures. Although it is possible to perform a study of population differentiation between admixed populations, our method minimizes F ST and maximizes power by accounting for this admixture. Additionally, we sought to increase coverage of selected loci by performing imputation using a combined reference panel of Europeans (CEU [residents with Northern and Western European ancestry from the CEPH collection]) and Yoruba (YRI [Yoruba in Ibadan, Nigeria]) from the HapMap 3 Project. 28 We note that our method bears similarity to the locus-specific branch length (LSBL) 29 method, though our statistic follows a well-defined distribution under the null model of no selection. This allows for the evaluation of genome-wide significance as opposed to the ranking of loci produced by most genome-wide scans for selection. 30 We applied this approach and detected genome-wide significant signals at previously established targets of selection in CD36
31 [MIM 173510 ], HBB 24, 32, 33 [MIM 141900]-both reported targets of selection due to malaria-and HLA 7, 34, 35 [MIM 142800 ], which has a major role in immunity, including in malaria resistance. 10, 33 In addition, by combining evidence of extreme population differentiation within Africa and within East Asia, we have identified a genome-wide significant locus under selection in the prostate stem cell antigen gene (PSCA) [MIM 602470 ] (p ¼ 1.36 3 10 À11 ). The most significantly differentiated marker at this locus, rs2920283, is also highly differentiated in our analysis of East Asian populations. This SNP is tightly linked to a nonsynonymous coding variant that has previous genome-wide significant associations to bladder 36 and gastric cancers. 37 The PSCA markers are common in all continental populations, indicating a likely instance of selection on standing variation. In addition, at the HLA locus we observe multiple signals of differentiation. Although selection at HLA is unsurprising given its role in immunity and many disease associations, 7 we note that several markers that are highly differentiated on one branch of the tree do not show significant differentiation on other branches. This evidence is consistent with multiple, population-specific selective pressures at the HLA locus.
Subjects and Methods

Candidate Gene Association Resource Data Set
Our main African-American data set consists of 6209 unrelated individuals genotyped on the Affymetrix 6.0 array as previously described. 38 These individuals were genotyped as part of the [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] . JHS is a prospective population-based study that seeks the causes of the high prevalence of common complex diseases, including cardiovascular disease, type-2 diabetes, obesity, chronic kidney disease, and stroke, among AA in the Jackson, MI, metropolitan area. MESA is a study of the characteristics of subclinical cardiovascular disease (disease detected noninvasively before it has produced clinical signs and symptoms) and the risk factors that predict progression to clinically overt cardiovascular disease or progression of the subclinical disease. The CARe project has been approved by the Committee on the Use of Humans as
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Experimental Subjects (COUHES) of the MIT, and by the institutional review boards of each of the nine parent cohorts.
Other Data Sets
Additionally, we analyze 756 Nigerian individuals genotyped on the Affymetrix 6.0 array as well as a Gambian data set of 2946 individuals from the WTCCC-TB study 27 
Quality Control
In order to limit the possibility that assay artifacts in our data cause spurious signals of selection, 41 we compared each of our large data sets with an independent data set that genotyped individuals drawn from the same population. That is, we compared our primary African-American data set with an African-American data set from a separate study and did likewise for our Nigerian and Gambian data sets. We then excluded all markers that showed significant (p < 10
À6
) population differentiation between the two data sets. This is a conservative approach because it excludes markers with assay artifacts in either of the two data sets. In order to further eliminate assay artifacts, we only reported loci that contained at least two SNPs with p < 10 À6 within 1 Mb of each other.
Both our pairwise-and tree-based methods depend upon an assumption of a normal distribution of allele frequency differences. 42 This assumption is not likely to hold when alleles are very rare (see Figure S1 , available online). Therefore, SNPs with an average Minor Allele Frequency (MAF) < 5% were excluded from reported results.
Two Populations
Our approach to detecting unusual population differentiation over a set of SNPs genotyped in a pair of populations proceeds in two steps. The first step is to estimate the degree of differentiation between the two populations. 
We note that this variance is only becasue we used finite size samples. Here 
In this formulation both genetic drift and sampling error provide components of the variance. From this, we can estimate F ST using a method of moments. We note that this is not the standard estimator of F ST and was chosen because it guarantees a correct statistic in expectation (l GC ¼ 1) when evaluated as below.
Although it is possible to test for significant allele frequency differences without accounting for F ST by using a c 2 test based on a 2 3 2 contingency ; which is a c 2 1 degree of freedom (d.f.) statistic. In order to verify that this statistic gave the correct null distribution, we performed neutral simulations (see Table S1 ). Additionally, we sought to investigate the power of such a test to detect selection when one of the two populations was under selection or when both populations were under selection with differing selection coefficients. Our simulations (see Table S2 ) show that, as expected, this test is highly sensitive to the difference between the selection coefficients in the two populations. This indicates that maximal power is obtained when comparing closely related populations subject to differing environmental pressures. Finally, we note that a normal distribution is an approximation of the true distribution of allele frequency differences under neutral drift. We evaluated the validity of this approximation by comparing the cumulative distribution function under the normal approximation to the distribution obtained using Kimura theory (see Figure S1 ). Whereas the normal approximation breaks down for rare variation (MAF < 0.05) and high genetic drift (F ST > 0.01), it appears reasonable for the range of allele frequencies and genetic drift under consideration here.
Multiple Populations
We can generalize the analysis of unusual allele frequency differentiation between a pair of populations to multiple populations in an unrooted tree. That is, we can consider each population to be a leaf-node in an unrooted tree that describes the patterns of population divergence without knowing the order of divergence events in time. Then, if we can reconstruct the tree from the observed populations, we can begin the work of detecting selection in the tree. This approach presents a variety of challenges relative to the pairwise test.
We must select an unrooted tree topology, estimate the branch lengths, and develop a statistic to use on the resulting tree. As the number of populations increases, each of these steps becomes increasingly difficult. Indeed, the number of unrooted tree topologies over n populations is (2n-5)!/[2 (n-3) (n-3)!], and this does not begin to consider the possible branch length assignments to each of these topologies. Although the literature on tree estimation in the context of multiple populations is relatively well developed, 44 we consider the simpler case of n ¼ 3 for this study. This allows us to analyze each of these problems in discrete steps. For larger n, the analysis might have to be combined. Given n ¼ 3, there is a single, star-shaped topology for an unrooted tree. In order to estimate the branch lengths, we utilized a pseudolikelihood model considering all pairs of populations involved.
In our approach we consider pairwise differences between each pair of populations. We can define a pairwise variance, s 
We used gradient ascent to find a local maximum likelihood estimate for F / ST over all SNPs s. This gives results that closely recapitulate previous estimates of F ST . Once the branch lengths are estimated, we can estimate the allele frequency at our central node using a branch length weighted average
Given an estimate of the allele frequencies at the central node, we devise a test for selection akin to our pairwise test for population differentiation. In particular, we first re-estimate F ST between each population and the allele frequencies at the central node. Once this is done, we formulate our statistic based upon the likelihood ratio test. We note that this test focuses on selection at any single branch in the tree, and each branch can be tested in turn, provided that the appropriate multiple testing correction is paid as a penalty.
In our null model, we assume that all population differentiation is the result of genetic drift
where
In our causal model, we allow an arbitrary amount of differentiation on one branch to be attributed to selection. Therefore, we have
where i SEL represents the branch on which we are allowing an arbitrary amount of differentiation because of selection. F i ST in both of these equations is re-estimated with the central allele frequencies estimated in the prior step. This re-estimation guarantees that we have a correct statistic in expectation (l GC ¼ 1). The test becomes akin to our pairwise test for population differentiation and we have
This is a c 2 1 d.f. statistic. At a first glance, this approach passes the sanity checks of giving no additional power when one of the branch lengths is very large relative to the others and of giving additional power when a large differentiation is replicated over multiple branches. Software implementing our methods is publicly available (TreeSelect software; see Web Resources). We note that pairwise comparisons between our main data sets was performed but yielded nothing that was fundamentally different from our tree-based results. As such, only the tree-based results are reported in the main text.
Our genome-wide significance threshold for this analysis is based on the 10 6 markers that were tested for three branches of the tree with a corrected significance level of a < 0.05. Using
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À8
. In our analysis of additional populations, we only included the comparison between East Asian populations because allele frequency differences in East Asia are independent of allele frequency differences in our tree-based analysis. This is not the case for differentiation between African populations (LWK versus YRI)-because Nigerians are represented in the tree-nor European populations (CEU versus TSI)-because Europeans are used to correct for the European-like admixture. However, we conservatively correct for three additional tests as though all comparisons were performed. This gives a nominal significance level of p < 5.56 3 10 À9 .
Controlling for Admixture
In order to maximize power, we sought to minimize genetic distance between our populations by accounting for Europeanrelated admixture in our African-American and Gambian data sets. A simple example of comparing an admixed population to an unadmixed population is the comparison of AA to Nigerians (YRI). The African admixed component of African-American individuals has been shown to have F ST < 10 À3 with respect to YRI. 28, 45 However, European admixture in African-American individuals increases the observed value of F ST to 0.0075 and results in a less powerful test. We address this by producing estimates of the pseudounadmixed allele frequencies, where p
The parameter a AA can then be estimated to minimize F ST with Nigerians. This process was performed separately for African-American and Gambian data sets.
The allele frequencies in European-related admixture were estimated from our 1178 European individuals. These individuals were split into two equally sized data sets used to produce estimates of the pseudounadmixed allele frequencies for African Americans and Gambians, respectively.
Population Differences By SNP Class
In order to test for enrichment of highly differentiated SNPs based upon annotated functional class, we partitioned the SNPs according to predicted functional impact. 46 We assigned SNPs to be either genic or nongenic and further subdivided genic SNPs into ymous and splice site mutations as genic. We also sought to evaluate variation in F ST across the genome by comparing estimates of F ST between genic and nongenic SNPs. To explore this further, we partitioned the SNPs according to evidence for background selection as estimated by the previously described B parameter. 47 We binned SNPs according to the estimate of B (0 % B % 1) at the SNP by using 10 equally sized bins for B. Because of the change in F ST according to bin reported statistics for differentiation were calculated separately for each bin. However, reported values for F ST are genome-wide averages.
Imputation
We used the MaCH 48 software package to perform imputation of the HapMap3 SNP set in each of our data sets. Our European data set was used to create the pseudounadmixed data sets of African Americans and Gambians. The imputation process proceeded in three steps. First, the model parameters were estimated with a subset of 300 individuals from each data set. The input files for the reference CEU and YRI panels were downloaded from the MaCH website. Next, the imputation was performed 300 individuals at a time and parallelized on a large computing cluster. Finally, once the imputation was complete, we performed quality control on the results by using b r 2 as our quality metric. 48 Only SNPs that had b r 2 > 0:6 in the combined set of individuals were retained.
Results
Population Structure in African-American, Nigerian, and Gambian Populations 500 individuals from each of our African-American, Nigerian, and Gambian data sets were studied together with 500 European individuals via PCA with EIGENSOFT Additionally, the four subpopulations form overlapping but distinguishable clusters along PC2. We further investigated population structure by estimating the pairwise F ST between each pair of populations (see Table 1 ). However, we sought to increase power and decrease genetic distance between our populations by accounting for the significant European-related admixture. We produced new pseudounadmixed populations by subtracting European allele frequencies, weighted by admixture proportion, from both the African-American and Gambian data sets (see Methods). We computed admixture proportions a AA and a GAM to minimize the pairwise F ST estimates between each pseudounadmixed population and the Nigerians (see Table 1 ). This reduced F ST between African Americans and Nigerians from an estimate of 0.0075 to an estimate of 0.0011. We calculated an a AA of 0.20 and an a GAM of 0.02 consistent with prior estimates. We also examined pairwise genetic distances in the Gambia (see Table 2 ). The lowest F ST was estimated between Mandinka and Wolloff subpopulations (F ST ¼ 0.0005) and the highest between the Fula and Jola subpopulations (F ST ¼ 0.005). These values are consistent with prior estimates 26, 27 and indicate that studies of selection with population differentiation within the Gambia might be a fruitful endeavor. However, given current sample sizes such a study is unlikely to be well powered.
In order to validate our use of imputed data, we compared F ST estimates between pairs of imputed data sets to those observed between genotyped data sets. Pairwise F ST estimates were 0.0048, 0.0012, and 0.0066 for genotyped SNPs in African Americans versus Gambians, African Americans versus Nigerians and Nigerians versus Gambians, respectively. The corresponding estimates for all SNPs (genotyped þ imputed) were 0.0044, 0.0011, and 0.0058. This close concordance, and the absence of peaks of population differentiation containing only imputed SNPs, suggests that our reported results do not contain spurious signals due to imputation. All reported results are on data imputed with a combined HapMap 3 28 reference panel of CEU and YRI.
Signals of Selection in African-Ancestry Populations
Our tree-based method evaluates selection on a set of markers from multiple populations in two steps (see Methods). In the first, an unrooted tree of populations is estimated. This tree is intended to explain the observed amount of divergence between each pair of populations. With three populations, this is a ''star'' shaped topology where each population is a leaf node connected to a single internal population by a branch. The length of this branch operates similar to Wright's F ST and represents the genetic distance between the leaf population and the internal population (see Figure 2 ). Following our subtraction of European-related admixture, we estimated the tree for our three data sets in each of 10 bins based on the strength of background selection. For the tree connecting African Americans, Nigerians, and Gambians (see Figure 2B ) we estimate branch lengths of 0.0005, 0.0006, and 0.0046. These are closely concordant to the pairwise results for F ST . Once the tree is estimated, we can evaluate a statistic for selection at every marker common to all data sets. This statistic enables resolution of the population subject to the selective pressure and can give additional power to detect loci under selection relative to pairwise comparisons. 
À5
Here we combined all of the Gambian samples and compared these with the African American and Nigerian samples. We list both the estimate and standard error of the estimate for F st . In the first two rows, we have not accounted for significant European-like admixture in the Gambians and African Americans. In the last two rows, we show the values after accounting for admixture by subtracting European allele frequencies weighted by admixture proportion. The large decrease in F st between African Americans and both Nigerians and Gambians is expected to increase our power to detect signals of selection. While the drop in F st between Nigerians and Gambians is small, this is expected due to the small admixture proportion estimated. Q-Q plots comparing observed and expected p values indicate an excess of highly differentiated markers (Figure 3 ). The proportion of markers with p < 0.0001 is 0.0005. After excluding loci with genome-wide significant evidence of selection the proportion of markers with p < 0.0001 is 0.0002. This excess is suggestive of additional selected loci beyond the genome-wide significant signals we describe here. We note that genetic drift at rare and low frequency SNPs (MAF < 5%) is unlikely to be well described in our model and these SNPs are not included in the analysis. Our threshold for genome-wide significance in this analysis was p < 1.67 3 10 À8 (see Methods).
A genome-wide significant signal (see Figure 4) on chromosome 11. Selection at both of these loci has been previously detected with population differentiation between African populations ascertained based on malaria exposure. 24 The finding of selection at these loci in a genome-wide scan without ascertainment of populations further corroborates the power of our approach (see Table 3 for all signals).
Natural selection at HBB is likely due to the well-known association in which heterozygotes for the sickle cell trait HbAS (HbAS T) are protected against severe malaria. 10 We note that a study of unusual population differentiation between Han Chinese and Tibetans 14 also showed evidence of selection at the HBB locus. However, the most significantly differentiated marker in that analysis, rs10768683, and the most significantly differentiated marker in our analysis, rs2213169, are not polymorphic in any of the same HapMap populations. Although we (B) This tree was estimated using our main data sets of AfricanAmerican, Nigerian, and Gambian samples after accounting for significant European-like admixture in the African-American and Gambian data sets. We note that the second tree is scaled approximately by a factor of 100 with respect to the first. The values quoted are based on genome-wide average estimates of F st . cannot rule out separate selective sweeps on the same variant, the absence of HbAS T allele in East Asia leads us to believe that separate selective events on separate causal variants is most consistent with this finding. Genome-wide significant evidence of selection (see Figure 4 ) exists for HLA on chromosome 6, known to be heavily involved in human immunity and a well-studied example of natural selection. 7, 34, 35 Peaks at HLA are observed on all three branches of the tree. However, our analysis of selection at HLA shows distinct sets of SNPs with significant evidence of selection on the Gambian, Nigerian and African-American branches of the tree. indicating that selection likely took place on the Nigerian branch. This leaves multiple selective events as a parsimonious explanation of our findings at HLA. We also observe a signal in the HLA at rs6901541 that is highly differentiated on all branches of the tree, p ¼ 3.61 3 10 À5 , 6.37 3 10 À10 , and 1.71 3 10 À6 , for African-American, Nigerian, and Gambian branches, respectively. This SNP is also highly differentiated in all three pairwise analyses. We note that this is consistent with selection on multiple branches of the tree and further indicates the widespread nature of selection at the HLA. We observe a suggestive signal, rs2920283 (p ¼ 1.1 3 10 À7 ), on chromosome 8 within the protein-coding gene prostate stem cell antigen (PSCA). Further evidence of selection at this locus was obtained by analyzing additional populations (see below). A nonsynonymous SNP in PSCA, rs2294008, causes a 9 amino acid truncation of the protein and has been shown to be associated to both gastric and bladder cancers with p ¼ 8 3 10 À11 and p ¼ 2.14 3 10 À10 , respectively. 36, 37 The marker with the most significant evidence of selection on the African-American branch, rs2920283, is in very high LD with the disease associated SNP (r 2 > 0.85). We note that rs2920283 is polymorphic in all of the populations studied here (see Table 3 ) and those included in the Human Genome Diversity Project (see Figure 5 ). This indicates that the classical selective sweep, in which a novel variant rises to high frequency under selection, is unlikely to apply. Instead, we posit that selection at PSCA is a case of selection on standing variation and an ideal candidate for a test based on population differentiation. We note that no extended haplotype homozygosity 12 or integrated haplotype score 51 signal has been previously reported at this locus. 1, 5 For comparison purposes, we implemented the LSBL statistic, 29 which has been used to discover or validate loci under selection with associations to altitude response, 13, 14 cystic fibrosis, 52 skin pigmentation, [53] [54] [55] and hair straightness, 56 and ran it on our data (see Table S3 ). The HLA, HBB, and CD36 loci have statistics that rank in the top 0.01% (see Figure S2 ). The PSCA locus has a statistic in the top 1%. However, many SNPs (nearly 10,000) rank in the top 1%, and it is unclear which of these, if any, present significant evidence of selection. We note that all reported loci are constrained to contain multiple highly differentiated markers, ruling out the possibility of spurious signals due to assay artifacts. Although two markers 16 Mb apart on chromosome 16 achieved genome-wide significance, they were not reported because they did not satisfy this criteria.
Examining Additional Populations
In order to further explore evidence of selection at our implicated loci, we examined pairs of populations from HapMap3 that were closely related (F ST < 0.01). We compared YRI to LWK (F ST ¼ 0.0080), TSI to CEU (F ST ¼ 0.0039), and JPT to the combined individuals from CHB and CHD (F ST ¼ 0.0075). 28 In this analysis, we All values are reported after correcting for variation in F st according to quantity of background selection. We note genome-specific peaks in the HLA locus on chromosome 6 and CD36 on chromosome 7. HLA has a major role in immunity with multiple prior disease associations, and CD36 is known for its role in malaria resistance. We also observe a highly suggestive peak at PSCA (chromosome 8) tightly linked to a protein-altering variant with prior associations to gastric and bladder cancers. The highly suggestive signal at HBB is unsurprising given its role in malaria resistance. HLA, HBB, and CD36 have been previously reported targets of selection.
The Table 4 ). Unsurprisingly, we observe that markers in HLA 34 are highly differentiated in all three pairwise analyses consistent with the role of HLA in immunity. Although our comparison of African populations (LWK-YRI) does show a high degree of differentiation at the HLA and CD36 loci (Table 5) , we do not observe a signal at the HBB locus. This might be because of insufficient sample size or similar selection pressures in both populations. We note that this comparison is not independent of our tree-based analysis because both involve Yoruba populations. We note the surprising finding of a high degree of differentiation between JPT and CHBþCHD at the PSCA locus (rs2928023, c . This is one of the strongest signals of selection in our analysis and corresponds to a 34% allele frequency difference between JPT and CHBþCHD. We note that this comparison is independent of the tree-based analysis because no population in East Asia was used in the tree (i.e., YRI) or to correct for European-related admixture (i.e., CEU). Independence allows us to sum the statistic for differentiation in East Asia with that obtained from the tree at any SNP and produce a c We have also plotted allele frequencies at SNP rs2294008 in all of the populations included in Human Genome Diversity Project 40 ( Figure 5 ). There exist large differences in allele frequency throughout East Asia as well as Europe We report the most significant SNPs in loci that showed genome-wide significant or suggestive evidence of natural selection. All SNPs are imputed. The first section shows the p values for each SNP without correcting for background selection at the locus and the second shows the results after the correction. We note the relative insensitivity of our results to correcting for evidence of background selection. The final section lists the allele frequencies of the highly differentiated SNPs. We note the relative insensitivity of our results to correcting for evidence of background selection.
and South America. Although the small sample sizes taken from each population make studies of differentiation underpowered, further studies might elucidate the underlying cause of the selective pressure by analyzing global allele frequency differences.
Population Differences by SNP Class
We analyzed coding and nonsynonymous SNPs for excessive differentiation similar to previous work. 46 We examined SNPs that were differentiated with p < 0.0001 on any branch of the tree and compared the number of nonsynonymous coding SNPs and genic SNPs to the number expected under neutrality. We observed 22 nonsynonymous coding SNPs differentiated to this degree, a 3. 59 found that nonsynonymous coding sites were not enriched for excessive differentiation relative to synonymous sites. This is consistent with our findings. The authors of this study suggest that the ''selective sweep'' is an uncommon model of human evolution and that methods based on population differentiation between closely related populations might be more powerful for detecting selection. We provide such a method.
Variation in functional status and strength of background selection has been shown to influence the effective population size and, therefore, genetic drift at a locusspecific level. 60 Specifically, background selection, often observed in known functional regions, tends to increase the rate of drift and increase the average differentiation at the locus. In our data we observed a difference in F ST estimates (Table 6 ) when computed with markers classified as genic or nongenic. 46 This trend was also apparent when we classified markers by the strength of background selection 47 at the locus (Table 6 ) and was especially prevalent when we examined loci with the strongest evidence of background selection.
In order to verify that our results were not spurious signals because of variation in genetic drift across the genome, 47 we repeated our analysis in separate bins according to the strength of background selection. Our results prior to and after correction for the strength of background selection at each locus are very similar (Table 3 ). This would indicate that our results including the signal at PSCA are robust to this correction.
Discussion
We have examined population differentiation in a genome-wide fashion in three closely related African populations. Similar studies of population differentiation have been previously performed with some success; 2, [17] [18] [19] [22] [23] [24] however, many of these have focused on continental populations with much larger genetic distance. Although studies have examined closely related populations within Europe or Asia, such studies require the availability of data from large numbers of individuals. Now, as such data has become available, we are able to apply this approach to closely related African populations. In addition to performing pairwise comparisons between closely related populations, we have developed a method of analysis on the basis of differentiation in a tree of populations.
The tree-based analysis that we use is somewhat comparable to the population branch statistic (PBS) described by Yi et. al.
14 and the LSBL. 13, 29, [52] [53] [54] [55] [56] The PBS seeks to estimate the time since divergence from a central node by using SNP-specific F ST and has been shown to have the power to detect recent population-specific natural selection. One challenge associated with the use of PBS/LSBL is that the null distribution of these statistics is not well defined. Thus, significance can be assessed with extensive simulations according to a specific demographic history or a simple ranking of results. When implemented on our data set, the LSBL replicated clear peaks at HLA, HBB, and CD36; however, no other significant peaks were observed. Our results provided genome-wide significant or suggestive corroboration of several known loci including HLA, HBB, and CD36. We identified a genome-wide significant locus in PSCA. Our most significantly differentiated marker is tightly linked to a marker with prior, genome-wide significant associations to both gastric and bladder cancer. Additionally, our evidence suggests that multiple, independent selective events have occurred in the HLA region.
Several questions of interest arise from this work. Notably, imputation of the HLA genotypes of individuals in our data sets would allow us to pinpoint specific alleles under selection. By analyzing the various HLA alleles individually for population differentiation, it might be possible to infer which HLA alleles are being pushed to high frequency. Understanding this might give further insight into infectious disease resistance. Similarly, understanding the selective pressure acting at PSCA is a question of interest. Analysis of data specific to infectious disease and other possible drivers of selection 61 might yield insight into the environmental pressure responsible for selection at this locus.
Appendix A
Neutral Simulations
We simulated allele frequencies from a pair of populations to verify that this statistic follows the correct null distribution. In order to do this, we chose a variety of starting allele frequencies, f s , and values for F ST . For each f s and F ST , we 
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We report all highly differentiated SNPs with strong or suggestive evidence for selection (p < 10 À6 ). We see several well-studied examples of selection such as LCT, and OCA2 in Europeans, KITLG in East Asians, and CD36 in Africans. However, several markers significant in our original analysis of African populations do not appear significant in the LWK-YRI comparison. This may be because of the small sample size taken from each of the HapMap3 populations. . Surprisingly, no SNP appears differentiated with p < 10 À4 in our analysis of the HBB region in Yoruba (YRI) and Luhya (LWK). This may be due to small sample size or an absence of different malaria pressure between these populations. sampled pairs of allele frequencies from a normal distribution with mean f s and variance given by 2F ST . We then estimated F st from the generated samples and computed the statistic for each pair of sample allele frequencies. In doing this, we notice inflation of the c 2 statistic for small values of f s . However, we note that this inflation is very small with respect to the fat tail observed on real data and is negligible for the allele frequencies of the SNPs that we report to be showing a signal of selection (See Table S1 ).
Locus-Specific Branch Length
The locus-specific branch length generates a statistic for population differentiation on each of the branches of a tree of three populations. This method assumes that F ST statistics are additive and assesses the branch-specific F ST for each population. Specifically, given three populations, three pairwise F ST statistics (F However, this method is applicable specifically to the case of three populations. Once these statistics are computed, significance is assessed by ranking. Thus, LSBL can not provide evidence of genome-wide significance.
Supplemental Data
Supplemental Data include two figures and three tables and can be found with this article online at http://www.cell.com/AJHG/. 47 The trend observed when binning by functional class is magnified when binning by B values, particularly for B between 0 and 0.1. Because of this difference, we performed all subsequent analysis separately for each bin of B.
